Human rhinovirus (RV) is the major cause of common cold, and it also plays a significant role in asthma and asthma exacerbation. The airway epithelium is the primary site of RV infection and production. In contrast, monocytic cells (e.g., monocytes and macrophages) are believed to be nonpermissive for RV replication. Instead, RV has been shown to modulate inflammatory gene expressions in these cells via a replication-independent mechanism. In the study presented here, replication of RV16 (a major-group RV) was found to be significantly enhanced in monocytes when it was cocultivated with airway epithelial cells. This effect appeared to be mediated by secretory components from epithelial cells, which stimulated RV16 replication and significantly elevated the expression of a number of proinflammatory cytokines. The lack of such an effect on RV1A, a minor-group RV that enters the cell by a different receptor, suggests that intercellular adhesion molecule 1 (ICAM1), the receptor for major-group RVs, may be involved. Indeed, conditioned media from epithelial cells significantly increased ICAM1 expression in monocytes. Consistently, ICAM1 overexpression and ICAM1 knockdown enhanced and blocked RV production, respectively, confirming the role of ICAM1 in this process. Thus, this is the first report demonstrating that airway epithelial cells direct significant RV16 replication in monocytic cells via an ICAM1-dependent mechanism. This finding will open a new avenue for the study of RV infection in airway disease and its exacerbation.
Instead, RV has been shown to modulate inflammatory gene expressions in these cells via a replication-independent mechanism. In the study presented here, replication of RV16 (a major-group RV) was found to be significantly enhanced in monocytes when it was cocultivated with airway epithelial cells. This effect appeared to be mediated by secretory components from epithelial cells, which stimulated RV16 replication and significantly elevated the expression of a number of proinflammatory cytokines. The lack of such an effect on RV1A, a minor-group RV that enters the cell by a different receptor, suggests that intercellular adhesion molecule 1 (ICAM1), the receptor for major-group RVs, may be involved. Indeed, conditioned media from epithelial cells significantly increased ICAM1 expression in monocytes. Consistently, ICAM1 overexpression and ICAM1 knockdown enhanced and blocked RV production, respectively, confirming the role of ICAM1 in this process. Thus, this is the first report demonstrating that airway epithelial cells direct significant RV16 replication in monocytic cells via an ICAM1-dependent mechanism. This finding will open a new avenue for the study of RV infection in airway disease and its exacerbation.
Keywords: airway; epithelium; rhinovirus; ICAM1
Clinical Relevance
We demonstrate, for the first time, that epithelial secretions direct robust RV replication in monocytes via significantly increased ICAM1. This new information will advance our understanding of the interaction between the airway epithelium and inflammatory cells in the context of RV infection and RV-induced disease exacerbation.
Human rhinovirus (RV) is a small (30 nm in diameter), nonenveloped, positive-stranded RNA virus with a genome of z7.2 Kb (1). The modern classification method (based on sequence similarity) divides RV into three genetically distinctive groups (A, B, and C) (2) , whereas the traditional classification is based on the cellular receptors for viral entry (1) . In this system, RV can be divided into two groups: the major group, which enters cells via an intercellular adhesion molecule 1 (ICAM1)-mediated process, and the minor group, which binds to the family of low-density lipoprotein receptors (LDLRs) for cellular entry. Notably, because of the functional conservation between humans and mice (i.e., LDLR), or the lack thereof (i.e., ICAM1), only minor-group RVs can infect mice or mouse cells.
RV infection is the major cause of common cold in healthy individuals (1) . It also plays a significant role in the development (3, 4) and exacerbation (5-9) of asthma. The epithelium is the primary site of RV infection and replication in human airways (2) . RV was shown to infect ex vivo epithelial cell cultures derived from human trachea (10) , bronchus (11) , submucosal gland (12) , and lung alveoli type II pneumonocytes (13) . In contrast, RV entered, but did not replicate, inside human monocytes or macrophages (14) . RV was found to modulate the expression of various cytokines (e.g., IL-6 [15] , TNF-a [15] , IL-8 [16] , CCL2/MCP1 [17, 18] , CXCL10/IP10 [19, 20] , IFNs [21] , and CXCL11 (19)) in human monocytes or macrophages in the absence of viral replication.
Johnston and colleagues (16) were the first to report a low-grade productive replication of RV9, a major-group RV, in THP-1, a human monocytic cell line. Later, the same group demonstrated that RV16, another major-group RV, could replicate in macrophages that were derived from THP-1 using a phorbol myristate acetate (PMA) protocol (22) . However, the molecular mechanism underlying this conversion from non-or low-permissive to permissive status remains unclear. In the present study, we found that soluble factor(s) from airway epithelial cells significantly increased ICAM1 expression on monocytic cells, and the elevated ICAM1 expression was responsible for robust RV16 replication in these cells. Because of the abundance of monocytic cells (e.g., monocytes and macrophages) in inflamed airways, our data may shed some light on the role of these cells in RV-induced diseases and disease exacerbations.
Materials and Methods
Viruses and Antibody RV16 and RV1B stocks were amplified and purified based on a previously published protocol (23) . Viral titers were determined by plaque assay as described previously (23) . The anti-RV16 monoclonal antibody was a gift from Dr. Waiming Lee (University of Wisconsin, Madison, WI). To make replication-deficient RV16 (UV-RV16), stocks of RV16 were UV irradiated as described previously (11) . Briefly, 1 ml of RV stock solution containing 5 3 10 8 RV16 was exposed to 200 mW cm 22 UV light for 10 min on ice. 
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and further diluted to 100 ml with water. Then, 2 ml of the diluted cDNA was analyzed using SYBR Green PCR Master Mix on a Veriti Thermal Cycler (Thermo Fisher, Grand Island, NY). Primers were used at 0.2 mM. The relative amount of mRNA in each sample was calculated based on the DDCt method using the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Results were calculated as fold induction over control (24) . For RV16 quantification, strand-specific RT-PCR was used to amplify either RV16 mRNA or RV16-negative strands as previously described (25) . Quantitative PCR was then used for quantification. The authenticity of the PCR product was confirmed by DNA sequencing. The primers used are listed in Table 1 .
Western Blot
Total cellular protein was collected based on previously described methods (20) . Anti-ICAM1 and anti-actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Equal protein loading was confirmed by staining of the anti-actin antibody. Biological duplicates are shown in a representative image, and experiments were repeated at least twice.
Lentivirus Production and Transduction
pLX304-ICAM1 plasmid was purchased from the DNASU Plasmid Repository at Arizona State University (Phoenix, AZ). Packaging and titration of the recombinant lentiviral vector were performed as previously described (26) . Briefly, 293T cells were transfected overnight with pLX304-ICAM1, VSVG, and D8.7 using Lipofectamine 2000 (Thermo Fisher). The cells were then treated with 10 mM sodium butyrate for 8 h and left to recover overnight. Supernatants were collected and pooled together. Viral particles were purified and concentrated using polyethylene glycol and stored at 280 8 C. Lentiviral particles containing randomized control small hairpin RNA (shRNA) and shRNA against ICAM1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Monocytes were infected at an MOI of 10.
Immunofluorescence Cells were fixed with 4% paraformaldehyde and then either permeated with Triton X-100 or left untreated (nonpermeated). Intracellular RV16 protein was determined by immunofluorescence staining using anti-RV16 antibody. Alexa 488-conjugated secondary antibody (Thermo Fisher) was used to obtain fluorescence images by confocal microscopy (LSM 510 meta; Carl Zeiss, Thornwood, NY).
Statistical Analysis
Experimental groups were compared using a two-sided Student's t test, with the significance level set as P , 0.05. When data were not distributed normally, significance was assessed with the Wilcoxon rank-sum test, and P , 0.05 was considered to be significant.
Results

Production of RV16 Was Significantly Enhanced in Monocytes when It Was Cocultivated with Airway Epithelial Cells
Although the airway epithelium is the primary site of RV infection, inflammatory cells such as monocytes and macrophages may also be important targets considering their high abundance in inflamed airways. In this study, we tried to understand the interaction between epithelial cells and monocytes by using a simple CC system in which both epithelial cells (A549) and monocytic cells (THP-1) were cocultivated in the same culture dish. We then separated epithelial cells (in adherent monolayer) and monocytes (in suspension) for analysis. After extensive washing, there were no monocytes left in the adherent epithelial culture, as confirmed by light microscopy. In the suspension, less than 0.1% of floating epithelial cells was usually detected by a differential cell count (data not shown). Thus, cross-contamination between the two cell types was negligible. Using this system, we found that the level of RV16 mRNA in monocytes was significantly higher in CC than in individual culture (IC) ( Figure 1A ). In contrast, RV16 mRNA abundance in epithelial cells was not significantly different between these two cultures ( Figure 1B) . Interestingly, under this CC condition, almost 10 times more RV RNA was detected in monocytes ( Figure 1A ) than in epithelial cells ( Figure 1B) , suggesting that either more viruses entered monocytes in CC or more active viral replication occurred in CC than in IC. Because RV16 is a positive-stranded RNA virus, the cellular level of negative strands was usually indicative of viral replication. Indeed, the abundance of negative strands of RV16 was also markedly increased in CC compared with IC ( Figure 1C) . Additionally, the levels of viral coat proteins (e.g., VP1 and VP4) were markedly increased in CC but barely detectable in IC, demonstrating a more robust translation in the CC ( Figure 1D ). Thus, a greater RV16 replication was most likely present in CC than in IC. Interestingly, there was no difference in the production of RV1A (a minor-group RV) between CC and IC in either monocytes ( Figure 1E ) or epithelial cells (data not shown).
CM from Epithelial Cells Were Able to Enhance RV16 Replication
Based on the aforementioned results from the CC system, we reasoned that epithelial factors in CC media might be responsible for the increase of RV16 production in monocytes. Thus, we tested the effect of A549 CM on RV16 production in monocytes.
Indeed, the CM treatment recapitulated the CC effect by significantly enhancing RV16 mRNA ( Figure 2A ) and coat protein ( Figure 2B ). Most importantly, a substantial amount of infectious RV16 was detected by TCID 50 assay from the CM-treated cells, but not from the base medium (BM)-treated cells ( Figure 2C ). The amount of infectious viruses decreased over the time after infection, indicative of limited rounds of viral replication. To further confirm that these RVs were made from the active production rather than the release of previous cell-bound viruses, we performed an immunofluorescence analysis. As shown in Figure E1 in the online supplement, RV16 coat protein was detected in the permeated cells (treated with Triton X-100, 1Triton), but not in the nonpermeated cells (2Triton). In the high-magnification image (803), RV16 was indeed located intracellularly, but not on the cell 
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membrane. Thus, the CM were indeed able to direct active viral replication and production in monocytes. Considering the potential bias from one cell line (i.e., A549), we tested CM from primary HBE cells (CMp). CMp was also found to dramatically increase RV16 replication in monocytes ( Figure 2D ). Taken together, these findings indicate that secretory epithelial factors stimulate active RV16 replication and production in monocytes.
RV Replication Significantly Enhanced Cytokine Expression in CM-Treated Monocytes
To further understand the biological effect of CM-induced RV16 replication, we measured the expression of cytokines in CM-treated and BM-treated monocytes. We found that a number of cytokines (i.e., IL-6, IL-8, IFN-b, TNF-a, CCL2, CXCL2, CCL20, and CXCL10) were significantly augmented by RV16 infection in CM-treated cells, but not in BM-treated cells (Figure 3) . Additionally, as shown in Figure E2 , UV-irradiated RV16 had no effect on the expression of IL-6, IL-8, IFN-b, TNF-a, or CCL2. It slightly increased CXCL2 and CCL20, but decreased CXCL10 in CM-treated cells. Notably, the basal expression level of these cytokines was very low to begin with. Thus, slight changes in the expression of CXCL2, CCL20, and CXCL10 might merely reflect random fluctuations when the expression levels were low. Nonetheless, these observations suggest that viral replication was indispensable for significantly inducing cytokine expression by RV16 infection of CM-treated cells.
ICAM1, the Receptor for Major-Group RVs, Was Significantly Elevated on Monocytes by CM Treatment
The lack of enhancement of RV1A (a minor-group RV) replication in cocultivated monocytes ( Figure 1E ) suggests that ICAM1, the receptor for major-group RVs, may play a role in this process. Indeed, we found that ICAM1 was highly elevated in monocytes when cocultivated with epithelial cells in the presence or absence of RV16 infection ( Figure 4A ). As expected, CM treatment also stimulated ICAM1 expression at both the mRNA ( Figure 4B ) and protein ( Figure 4C ) levels. To rule out any experimental bias caused by using one monocytic cell line, we tested primary PBMCs, and found that CM also highly elevated ICAM1 expression in these cells Figure 3 . RV16 replication in monocytes significantly induced cytokine expressions. In the presence (CM) or absence (BM) of CM, monocytes were infected with RV16 and samples were harvested as described in Figure 2 . RNA was isolated, followed by qPCR analysis. *P , 0.05 RV versus control; $ P , 0.05 CM versus BM. CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand.
at both the mRNA ( Figure 4D ) and protein ( Figure 4E ) levels. Another potential cause of bias was our reliance on the CM from A549, a cancerous cell line. Thus, we further tested CM from primary HBE cells (CMp), and found that CMp were also able to significantly increase ICAM1 expression on THP-1 cells at both the mRNA ( Figure 4F ) and protein ( Figure 4G ) levels. Thus, a markedly increased ICAM1 expression appeared to be a common monocytic response to the CC condition or to CM from epithelial cells. Although what component(s) in the CM increased ICAM1 is unknown, it appeared to be heat resistant, as its stimulating effect was not abolished by heat inactivation ( Figure E3 ).
Other ICAM1-Inducing Stimuli Were Able to Enhance RV16 Production TNF-a was previously documented to increase ICAM1 expression (27) . Thus, we sought to determine whether it could also increase RV16 production. Indeed, TNF-a treatment significantly increased ICAM1 expression ( Figure 5A ) independently of RV infection. It also enhanced the RV16 mRNA level as compared with nontreated cells ( Figure 5B ). Additionally, PMA is commonly used to induce differentiation from monocytes to macrophages. In a previous study using a PMA protocol, THP-1-derived macrophages were found to support RV16 replication (22) . Interestingly, we found that PMA markedly increased ICAM1 expression and RV16 production ( Figure 5C ). Thus, the increase of ICAM1 expression and the enhancement of RV16 production appeared to be closely related.
ICAM1 Was Required for RV Production in Monocytes
To conclusively demonstrate that ICAM1 overexpression in monocytes was indeed the cause of increased RV16 production, we ectopically overexpressed ICAM1 using a lentiviral transduction system. As described in MATERIALS AND METHODS, an ICAM1 expression cassette was cloned into a lentiviral vector, and lentiviral particles containing ICAM1 were used to transduce monocytes. As shown in Figure 6B (top panel), lenti-ICAM1 successfully drove a significant ICAM1 expression in monocytes. When these cells were infected with RV16, viral mRNA abundance was much higher in lenti-ICAM1-transduced cells as compared with control cells infected with lenti-GFP (lentiviral particles containing a green fluorescence protein expression cassette; Figure 6A ). Consistently, a much higher level of viral coat protein was also detected in these cells (middle panel, Figure 6B ; a quantification of Figure 6B is provided in Figure E4 ). To further confirm the requirement of ICAM1 for RV infection in monocytes, we knocked down ICAM1 expression using lentiviral shRNA transduction. As shown in Figure 6C (top panel), lenti-shICAM1 dramatically reduced ICAM1 expression. Consistently, these monocytes with ICAM1 knocked down (lenti-shICAM1) were more resistant to RV infection than the control group (lenti-shC) (middle panel, Figure 6C ). Taken together, these observations indicate that ICAM1 is both sufficient and necessary for active RV production in monocytes.
Discussion
Most studies on RV infection in human airways have focused on the airway epithelium. RV can replicate in epithelial cells and modulate their gene expression, thereby further influencing downstream events that ultimately lead to asthma and its exacerbation. The attention of the RV research community is increasingly being drawn to inflammatory cells. Because inflammation is a common phenotype associated with RV-induced illnesses, it is important to understand the RV-induced responses of inflammatory cells in inflamed airways and how they shape the progress of underlying disease. RV-induced airway inflammation was recapitulated in mouse models of RV1B infection (28, 29) . RV1B, a minor-group RV, was shown to induce eotaxin-1 (28), IL-4 (28), IL-13 (28, 30) , CCL2 (31), TNF-a (32, 33), CXCL1 (32), IL-6 (32), , and IL-12p40 (33) in mouse macrophages in the absence of viral replication or even RV internalization (32) . Along this line, previous studies reported that a new pattern recognition receptor (PRR), Toll-like receptor 2 (TLR2), recognized nonreplicating RV particles and initiated a downstream inflammatory response by mouse monocytic cells (32, 34) . However, no RV-specific, pathogenassociated molecular pattern that bound and activated TLR2 was identified. Thus, it is still unclear whether TLR2 directly sensed RV1B infection or the initial sensing was mediated by other, unknown PRRs. Because mice and mouse cells are nonpermissive to major-group RV infection, how human monocytic cells sense this group of RVs (e.g., RV16) is entirely unknown.
RV16 replication and its role in the induction of TNF-a production were reported in a study of monocyte-derived macrophages using a PMA protocol (22) . In contrast, the parental monocytes had either no replication (i.e., in PBMC) or a very low grade of replication (i.e., in THP-1) (22) .
It was unclear what mechanism was activated by PMA to render naive monocytes permissive to RV. In the study presented here, we have demonstrated that RV16 entered and replicated in human monocytes when it was cocultivated with airway epithelial cells or exposed to epithelial cell CM. Most importantly, we showed that ICAM1 expression was highly elevated in monocytes cocultivated with epithelial cells or treated with CM from epithelial cells. Additionally, the PMA induction protocol used in the previous report (22) a similar underlying mechanism. Lastly, overexpression or knockdown of ICAM1 confirmed the causal role of ICAM1 in mediating RV16 replication in monocytes. Thus, significantly enhanced ICAM1 expression appears to be responsible for the change in the permissiveness of monocytes to RV infection. ICAM1 is the receptor for major-group RVs. In the solution, one RV was found to bind z60 soluble ICAM1s, each ICAM1 binding to one icosahedral face of the viral capsid. A previous study (35) shows that, in solution (no cells involved), one viral particle had to bind to multiple ICAM1 molecules in order to initiate uncoating and release of RV genome. In the cell culture, each RV16 was found to bind about five ICAM1 on the surface of HeLa cells (Dr. Waiming Lee, unpublished data). Thus, when the expression of ICAM1 on the cell surface is low, the probability that one RV will simultaneously bind multiple ICAM1s is also low, leading to the nonpermissive state for RV infection. Reciprocally, a high level of ICAM1 expression may induce a permissive state for RV infection. Indeed, we have shown that the enhancement of ICAM expression by multiple approaches (CC, CM, chemical treatment, or ectopic overexpression) could significantly stimulate RV replication in monocytes. Active viral replication implies that double-stranded RNA, a viral replicative intermediate and a well-studied pathogen-associated molecular pattern recognized by epithelial PRRs, may also be sensed by PRR(s) in human monocytes and trigger cellular IFN responses to repress RV replication and production (11, 36, 37) . Thus, the infection of major-group RVs appears to be restrained by two cellular events: ICAM1-mediated viral entry and IFN-mediated antiviral defense. So far, there is no evidence supporting the replication of minor-group RVs in monocytic cells. However, a majority of the studies on minor-group RVs were done in mice or mouse cells. The mouse is not the natural host of RV and cannot support active RV replication. Thus, it is still Monocytes are abundant in the lower airway of patients with respiratory illnesses. CC with epithelial cells was reported to induce the differentiation of monocytes into macrophage-like cells (38, 39) . Interestingly, an increase of ICAM1 expression was shown to be an early marker indicative of monocyteto-macrophage differentiation (40) . Although ICAM1 was sufficient and necessary to mediate the change of permissiveness of monocytes in our study, the interaction between monocytes and epithelial cells (or CM from epithelial cells) was also likely to induce their differentiation to macrophages with the capacity to support RV replication (22) . Thus, whether or not factors other than ICAM1 were induced during this process, and whether or not they were also involved in RV replication remain to be determined. Although the specific epithelial factor(s) that is responsible for the change in the permissiveness of monocytes to RV infection has not been discovered, it is known that ICAM1 expression can be activated by an NF-kB-dependent mechanism (41) . Several cytokines (e.g., IL-6, IL-8, and CCL2) are abundantly secreted by epithelial cells and were shown to induce NF-kB activation (42) (43) (44) . Therefore, further studies will be needed to test these candidates.
In summary, we have demonstrated, for the first time, that epithelial secretions direct robust RV replication in monocytes via significantly increased ICAM1. This new information will advance our understanding of the interaction between the airway epithelium and inflammatory cells in the context of RV infection and RV-induced disease exacerbation. n
